ATP Binding Cassette (ABC) transporters often exhibit significant basal ATPase activity 2 in the absence of transported substrates. To investigate the factors that contribute to this 3 inefficient coupling of ATP hydrolysis to transport, we characterized the structures and functions 4 of variants of the bacterial Atm1 homolog from Novosphingobium aromaticivorans (NaAtm1), 5 including forms with disulfide crosslinks between the nucleotide binding domains. Unexpectedly, 6 disulfide crosslinked variants of NaAtm1 reconstituted into proteoliposomes not only transported 7 oxidized glutathione, but also exhibited more efficient coupling of ATP hydrolysis to GSSG 8 transport than the native transporter. These observations suggest that enhanced conformational 9 dynamics of reconstituted NaAtm1 may contribute to the inefficient use of ATP. Understanding 10 the origins of this uncoupled ATPase activity, and reducing the impact through disulfide 11 crosslinking or other protocols, will be critical for the detailed dissection of ABC transporter 12 mechanism to assure that the ATP dependent steps are indeed relevant to substrate 13 translocation. 14 15 31 certain characterized ABC transporters, including exporters and importers (Lewinson and 32 Livnat-Levanon 2017), is the significant uncoupled ATPase activity in the absence of substrate, 33 reflected in high basal ATPase activities, and the inefficient coupling of ATP hydrolysis to 34 substrate transport, reflected in the ratio of hydrolyzed ATP to translocated substrate (Table 1) . 35 While the general view of ABC transporters is that the coupling ratio is ~2 ATP per transported 36 substrate, in practice, ratios near this value have been reported for only a few transporters and 37 more typically greatly exceed 2. Understanding and overcoming the underlying causes of the 38 103 negative controls showed no measurable time dependent GSSG uptake, although it appeared 104 that low levels of GSSG stick to PLS or liposomes. For wildtype NaAtm1, the uptake of GSSG 105 was approximately linear with time, corresponding to a rate of 1.5 nmol GSSG min -1 mg -1 106 transporter (Figure 2a, S2b) . Based on the NaAtm1 molecular weight of 133 kDa (with 1 mg = 107 7.5 nmole), neglecting orientation effects and assuming all the transporters are functionally 108 active, this rate is equivalent to ~0.2 GSSG translocated per minute per transporter. 109 Additionally, we measured the transport and ATPase activities of the different mutants 110 for comparison to wildtype NaAtm1 (Figure 2) . The wildtype NaAtm1 reconstituted in PLS 111 128 crosslinked NaA527C form with bound MgADP crystallized in space group P1 with four 129 transporters per asymmetric unit ( Figure S3a) . The initial crystallization trials were carried out 130 with NaA527C containing ATP, but the same crystals were obtained with ADP in the 131 crystallization conditions, suggesting these MgADP bound conformations could be achieved 132 either by the slow hydrolysis of ATP or the direct binding of ADP. While each transporter 133 adopted an inward-facing occluded conformation, two distinguishable states (#1 and #2) were 134 evident. Three of the transporters were found in state #1 (Figure 3a) , while the fourth transporter 135 in state #2 exhibited a slightly more closed NBD dimer (Figure 3b ). Given the moderate 3.7 Å 136 157 determinations revealed that these variants adopted similar ATP bound outward-facing 158 occluded conformations (Figure 3c, S5ab) . While there is clear electron density for the disulfide 159 bond in the crystal structure of NaS526C (Figure S5c) , the positions of the cysteine residues in 160 NaT525C (separated by 13 Å) are incompatible with the presence of a disulfide bridge in the 161 Escherichia coli." Nature Chemical Biology 5 (8):593-9. . 2009. "An allelic mutant series of ATM3 reveals 452 its key role in the biogenesis of cytosolic iron-sulfur proteins in Arabidopsis." Plant 453 Physiology 151 (2):590-602.
Introduction
Membrane transporters couple the translocation of ligands to a thermodynamically 17 favorable driving force. A key feature of the transport mechanism is that these two processes -18 ligand transport and the driving force -must be linked to minimize "short circuiting" of the 19 transduction process (Tanford 1983 , Hill 1989 . In essence, transporters kinetically facilitate the 20 coupled reaction while disfavoring the individual uncoupled reactions. One way to achieve 21 coupling between the favored and unfavored reactions is when both processes proceed through 22 a common set of conformational states so that they can only be accessed when the relevant 23 components are both present (Rees and Howard 1999) . Structure based mechanisms defining 24 these coupling processes have been advanced for several transporters, including lac permease 25 (Kaback 2015) and P-type ATPases (Palmgren and Nissen 2011). 26 In contrast to those systems, ATP Binding Cassette (ABC) transporters provide an 27 interesting situation where the coupling mechanism is less well defined. The transport 28 mechanism is generally described by the alternating access model involving inward-facing, 29 occluded and outward-facing states, with the transitions between states coupled to the binding 30 and hydrolysis of ATP, followed by product release (Hofmann et al. 2019) . A striking feature of 4 generally poor coupling efficiencies is critical for advancing the quantitative mechanistic 39 understanding of ABC transporters. 40 To investigate the factors that contribute to the high basal ATPase activity and coupling 41 inefficiencies of ABC transporters, we characterized the structures and transport functions of 42 variants of a bacterial homolog of the ABC transporter of mitochondria (Atm1) from 43 Novosphingobium aromaticavorans (NaAtm1). Atm1 is a homodimeric exporter that was first 44 reported to be involved in iron-sulfur cluster biogenesis in yeast (Kispal et al. 1997 55 In this report, we characterize the GSSG transport and ATPase activities of wildtype 56 NaAtm1 and variants with disulfide crosslinked NBDs. Unexpectedly, a disulfide stabilized 57 variant exhibited more efficient coupling between ATP hydrolysis and transport, while retaining a 58 transport rate 60% of the wild type transporter. These findings suggest that the enhanced 59 conformational dynamics of reconstituted NaAtm1 may contribute to the high basal ATPase rate 60 and the inefficient coupling to substrate transport. 
Results
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Disulfide bond crosslinking 64 The conformational state of an ABC transporter is reflected in the arrangement of the 65 NBDs which can vary from well-separated in the inward-facing conformation to a fully dimerized 66 state in the outward facing form. As an approach to addressing how the accessibility of different 67 conformational states influences the transport cycle of NaAtm1, we introduced disulfide bridges 68 at the dimerization interface between the NBDs to stabilize the transporter in conformational 69 states with juxtaposed NBDs (Korkhov, Mireku, and Locher 2012). Through sequence and 70 structural alignments of NaAtm1 to ABC transporters with dimerized NBD structures ( Figure   71 S1a), stabilized either by nucleotide binding (Dawson and Locher 2006) or a disulfide bridge 72 (Korkhov, Mireku, and Locher 2012), we identified three residues, A527, S526 and T525, near 73 the Walker-B motif where disulfide bonds could potentially form between the equivalent residues 74 in the two NBDs following substitution with cysteine and oxidation. These three residues were 75 separately mutated to cysteine in the natively cysteine-less homodimeric NaAtm1 to generate 76 three single-site variants: NaA527C, NaS526C, and NaT525C. All variants exhibited similar 77 crosslinking yields in the initial crosslinking tests ( Figure S1b ). The availability of these disulfide 78 crosslinked variants provided an approach to address the functional and structural properties of 79 NaAtm1 upon constraining the relative positions of the NBDs. To test the ATPase and transport functions of NaAtm1 in a membrane like environment, 83 we separately reconstituted into proteoliposomes (PLS) wildtype NaAtm1, the cysteine variants 84 (NaA527C, NaS526C, and NaT525C) and NaE523Q, the ATP-hydrolysis deficient variant with showed an ATPase activity of ~60 nmol Pi min -1 mg -1 transporter with about 3-fold stimulation in 112 the presence of 2.5 mM GSSG to ~180 nmol Pi min -1 mg -1 transporter ( Figure 2b ); with NaAtm1 113 purified in detergent, the basal ATPase activity was ~120 nmol Pi min -1 mg -1 transporter and 2.5 114 mM GSSG only stimulated the ATPase activity by 2-fold to ~250 nmol Pi min -1 mg -1 transporter 115 ( Figure 2c ). NaA527C showed significantly reduced transport and ATPase activities in both PLS 116 and detergent ( Figure 2 ). Interestingly, NaS526C showed about 60% of wildtype transport 117 activity at a rate of 0.9 nmol GSSG min -1 mg -1 transporter (Figure 2a Inward-facing occluded conformations 126 The structures of the different variants were determined by X-ray crystallography to 127 assess the consequences of the disulfide crosslinks on the conformational state of NaAtm1. The 8 resolution and anisotropic diffraction, we confirmed the two distinct conformations from the 137 locations of selenium sites in selenomethionine substituted protein crystals ( Figure S3b ). Clear 138 electron density for the disulfide bridges was present in all four transporters ( Figure S3c ). The 139 primary difference between these structures is reflected by a relative rotation of the NBD a-140 helical subdomains about the molecular two-fold axis of the transporter ( Figure S4a ).The root-141 mean-square deviation (RMSD) between states #1 and #2 is 1.7 Å, while the RMSDs to the 142 previous determined inward-facing structure of NaAtm1 are 2.1 Å and 4.4 Å, respectively 143 ( Figure S4bcd ). 144 Although GSSG was present in the crystallization conditions, ordered electron density 145 for GSSG was not observed in the binding site. To assess whether this ligand was present, we NaS526C, NaT525C and NaE523Q were each crystallized by removing MgCl2 from the 156 crystallization condition of NaA527C, followed by minor optimizations. The subsequent structure 9 crystal structure of this variant ( Figure S5d ). Since no reductant was added, presumably the 162 uncrosslinked population of NaT525C was crystallized. The RMSDs between these different 163 outward-occluded structures are ~0.5 Å ( Figure S5efg ). As the periplasmic regions (residues 164 60-82 and 284-300) were not well resolved, likely due to the lack of stabilizing crystal lattice 165 contacts, these loops were modeled based on previous structures and refined with low 166 occupancies. Despite the presence of GSSG or GS-Hg in the crystallization conditions, no 167 evidence for substrate binding was observed. 168 In addition to these mutants, we were able to crystallize and determine the crystal 
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In this study, we have expanded the structurally characterized conformations of the ABC 182 exporter NaAtm1 from the initially determined inward-facing conformation to multiple occluded 183 conformations through the use of disulfide-crosslinking of the NBDs and different nucleotides. 184 As observed for previously characterized ABC transporters, different conformations are 185 associated with different ligands. For NaAtm1, we have observed that both the outward-facing To assess the functional competence of the constructs generated for these studies, we 222 measured the transport and ATPase activities for NaAtm1 and its variants. The activities were (Table 1) . As a measure of coupling efficiency, we 226 calculated the number of ATP hydrolyzed per translocated GSSG. This calculation may be 227 performed in two ways (Table 2 ): (i) by taking the ratio of the total ATPase rate to the transport 228 rate ("Total/transport" row in Table 2 ), or (ii) by taking the ratio of the stimulated ATPase rate 229 (i.e. the additional ATPase rate in the presence of GSSG) to the transport rate 230 ("Stimulated/transport" in Table 2 ). By focusing only on the increase in ATPase rate in the 231 presence of transport substrate, the latter quantity presumably more accurately reflects the 232 ATPase rate coupled to transport. Either way, it is apparent that the coupling of ATP hydrolysis 233 to substrate transport, as defined by ATP hydrolyzed per substrate transported, is more efficient 234 for the disulfide linked variants relative to the wild-type NaAtm1. Since disulfide bond formation 235 in these variants was not quantitative, we cannot eliminate some contribution of uncrosslinked 236 material to the observed ATPase and transport activities, but the improved coupling efficiency 237 relative to wildtype NaAtm1 revealed that the crosslinked protein is indeed functional with 238 distinct properties. 239 An unanticipated finding of this work is that introduction of a disulfide bond between hydrolysis is typically tightly coupled to transport (Palmgren and Nissen 2011). In this context, it 264 may be relevant that P-type ATPases can exhibit turnover rates approaching 10 4 min -1 (Skou 265 1998) which is considerably faster than the transport rates reported for ABC transporters 266 (ranging between 1 to 1000 nmol/min/mg (Table 1) Data availability 290 Atomic coordinates were deposited in the Protein Data Bank with accession codes 6PAM 291 (NaA527C-MgADP), 6PAN (NaS526C-ATP), 6PAO (NaT525C-ATP), 6PAQ (NaE523Q-ATP) 292 and 6PAR (NaAtm1-MgAMPPNP). The raw data for ATPase and transport assays that support 293 the findings in Figure 2 and Table 2 are included in Table S6 , and all the other data are 294 available from the corresponding author upon reasonable request. 2.5 mM GSSG, pH 7.5, and transport buffer at 85 mM NaCl, and 17 mM Tris, pH 7.5. The 358 different controls were also prepared in similar fashion. 150 µL aliquots of the reaction mixture 359 were taken every 15 minutes, added to 1 ml cold transport buffer, and then ultracentrifuged at 360 70,000 RPM in a TLA 100.3 rotor in a Beckman Ultima benchtop ultracentrifuge for 10 minutes 361 at 4 °C. The pellets were washed 10 times with cold transport buffer, and then resuspended to 362 100 µl with solubilization buffer (85 mM NaCl, 17 mM Tris, pH 7.5 and 2% sodium dodecanoyl 363 sarcosine (Anatrace)). The samples were solubilized for 2 hours until the solution clarified 364 before spinning down in the TLA 100 rotor to remove bubbles. 10 µL samples were taken for 365 GSSG quantification using the Glutathione Quantification Assay (Sigma-Aldrich). The rates 366 were not corrected for orientation of NaAtm1 in PLS. 
